Calcium Channel Function Regulated by the SH3-GK Module in ␤ Subunits
). The ␤ strands compose two subdomains that ture between PSD-95 and Ca V ␤ subunits predicted by alignment, we subsequently refer to the ␤ subunit C1 can assemble in either an intra-or intermolecular fashion to complete the SH3 fold. Thus, the SH3-GK interaction domain as ␤-SH3 and the ␤ subunit C2 domain as ␤-GK. does not involve the binding between two independently folded domains but rather is the assembly of an SH3
Identification of an SH3-GK fold from separable structural components. Although Interaction in a Calcium Channel ␤ Subunit this "split" SH3 fold is conserved among MAGUKs, the To explore for possible interaction between ␤-SH3 and function of this motif has not been determined or identi-␤-GK regions, we bacterially expressed and purified fied in any other proteins. these polypeptides. By gel filtration chromatography Here, we demonstrate that the C1 and C2 regions of (Figure 2A ), ␤-GK eluted in a single peak of ‫05ف‬ kDa, the Ca V ␤ 2a interact and assemble much like the SH3-GK consistent with it being monomeric. ␤-SH3 eluted in module of MAGUKs. Mutations that disrupt the assempeaks of ‫52ف‬ and 50 kDa, suggesting some dimerization bly of the SH3 fold (the SH3-GK interaction) in ␤ 2a interof the isolated ␤-SH3 domain. Importantly, when ␤-GK fere with the modulation of the VGCC by this ␤ subunit. and ␤-SH3 were mixed together, they eluted from the Furthermore, a functional ␤ subunit requires intramolecgel filtration column in a single peak of ‫57ف‬ kDa, which ular or intermolecular SH3-GK assembly. The SH3-GK indicates stoichiometric heterodimerization of these pumodule therefore appears to transduce much of the rified proteins. A recent study (Opatowsky et al., 2003 ) regulation of VGCC activity by ␤ subunits. Given the also found that ␤ subunits comprise a core of two interstructural homology between MAGUKs and ␤ subunits, acting domains that correspond closely to the SH3 and we propose that the SH3-GK module in MAGUKs per-GK modules we identify here. forms similar functions to regulate properties of associTo better define the molecular requirements for interated channels.
action between the ␤-SH3 and ␤-GK regions, we used the yeast two-hybrid assay. Much like the binding of the SH3 to the GK regions of PSD-95 ( Figure 2B ), we found Results that the ␤-SH3 region of ␤ 2a binds to the ␤-GK region ( Figure 2B ). This interaction requires only amino acids Identification of a Split SH3 Fold in Calcium Channel ␤ Subunits composing the ␤-GK domain, as both a short construct (␤-GK) and a longer construct (␤-GKV3) bind ␤-SH3. The split SH3 fold in MAGUK PSD-95 includes a core of four ␤ strands (A-D), a fifth ␤ strand (␤E) that follows
The intramolecular assembly of the SH3 fold in MAGUKs occludes competing intermolecular SH3-GK the "hinge" ("HOOK") region, and a sixth ␤ strand (␤FЈ) that follows the GK domain ( Figure 1A functional implications of SH3-GK interactions. Currents from calcium channels in which ␤ 2a contained the point mutation L93P, analogous to the m30 allele in dlg, displayed abnormal inactivation kinetics when compared to wt ( Figure 4A ). This effect upon inactivation cannot be attributed to a defect in the mutant ␤ subunit's ability to chaperone the ␣ 1 subunit to the membrane or to an exponentials rather than the single exponential required for ⌬V3 or wt (see Table 1 ). The two decay phases in the mutant reflect an initial faster component of inactivation not seen with wt. To assess this further, we utilized slow inactivation kinetics, this feature is an excellent candidate for study. The ␤ 2a subunit also stands apart a two-pulse protocol in which the oocytes were first prepulsed to a range of potentials for 400 ms to permit in having a particularly large V3 region, so we first assessed whether this V3 region contributed to the ␤ modthe fast component of inactivation to develop without triggering the slow component and, after a brief inulatory effects. We found that a ␤ 2a construct containing the V1SH3V2GK regions but lacking the V3 region (⌬V3) terpulse interval, depolarized to a test potential of ϩ30 mV. Shown in Figure 4C is a plot of I/I max of the test pulse still produced a hyperpolarizing shift in the I-V relationship and modulation of inactivation kinetics of Ca V 2.1 versus the prepulse potential. Prepulse potentials more positive than Ϫ50 mV induced more inactivation in the currents that were similar to the intact ␤ 2a subunit ( Figure  3 ). This result allowed us to focus our attention on the mutant than in the wt. Thus, in the context of ␤ 2a , the ␤-SH3 fold is required to mask or inhibit the faster inacti-␤-SH3GK module.
We designed experiments to test whether mutations vation component. We then examined currents from calcium channels that disrupt the ␤-SH3GK interaction influence the modulatory effects of ␤ subunits on Ca 2ϩ channel currents. containing a truncated ␤ 2a ⌬V3 subunit that also lacks the presumed ␤FЈ strand (⌬FЈ), a mutation that also disrupts Genetic studies in invertebrates indicate that the SH3-GK module is a critical component of MAGUKs, as a leucine SH3-GK interactions ( Figure 5 ). These currents differ from wt currents in several measures: inactivation was to proline substitution in the SH3 (allele m30 in dlg) and various truncations of the GK domain are lethal accelerated, peak current amplitude was dramatically reduced, and the I-V relationship was shifted ‫01ف‬ mV mutations (Woods et al., 1996) , but how the SH3-GK interactions function within this module has not been in the depolarizing direction. The acceleration in inactivation for currents from the ⌬FЈ mutant was even more determined. Therefore, analogous mutations within the ␤ subunits might offer a first glimpse into uncovering pronounced than in currents from the L93P mutation. This is shown by the parameters in Table 1 and by the This lack of modulatory effect by ␤ 2a ⌬FЈ suggested that it may not interact with the ␣ 1 subunit. To address plot of I/I max from the two-pulse protocol in Figure 5B . These currents resemble those from calcium channel ␣ 1 this, we performed in vitro binding between the I-II loop of ␣ 1A and either ␤ 2a SH3-GK or a truncated ␤ 2a subunits expressed in the absence of ␤ subunits (PerezReyes et al., 1989). Indeed, currents from oocytes SH3GK⌬FЈ. Whereas the GST-I-II loop bound robustly to ␤ 2a SH3-GK, it bound minimally to ␤ 2a SH3GK⌬FЈ (Figexpressing only ␣ 1 2.1 and ␣ 2 ␦ show accelerated inactivation, an almost identical reduction in peak current ure 5F). amplitude, and a rightward shift in the I-V relationship (Figures 5A-5D ). To confirm that our electrophysiologiIntermolecular Assembly of Functional Calcium Channel ␤ Subunits cal results with ␤ 2a ⌬FЈ were not due to lack of its expression, we injected the ␤ 2a SH3-GK or ␤ 2a SH3GK⌬FЈ proTo determine whether reciprocally mutant ␤ subunits can reconstitute a functional ␤-SH3GK module from tein together with mRNA for the ␣ 1A subunit and recorded the resultant currents. Whereas the ␤ 2a SH3-GK protein separate polypeptides, we coexpressed ␣ 1 2.1 and ␣ 2 ␦ with both the L93P and the ⌬FЈ mutant ␤ 2a subunits. increased current amplitude in a dose-dependent fashion, the ␤ 2a SH3GK⌬FЈ protein had no effect ( Figure 5E ).
Indeed, current inactivation in oocytes expressing both mutant ␤ 2a subunits together was similar to that in chanTo ensure that the ⌬V3-induced shift was independent of I Ba amplitude, we performed additional experiments nels containing the intact subunit ( Figures 6A and 6B) . The decay phase of currents was best fit with a single in which peak currents from ␣ 1A ϩ ⌬V3 (Ϫ0.54 Ϯ 0.10 A, n ϭ 6) were comparable to the peak currents from exponential, and the I/I max from the two-pulse protocol was indistinguishable from wt (Table 1) . ␣ 1A alone or ␣ 1A ϩ ␤ 2a ⌬FЈ (the peak current amplitudes for ␣ 1A alone and ␣ 1A ϩ ␤ 2a ⌬FЈ in Figure 5C were Ϫ0.46 Ϯ To test whether heteromeric ␤ subunits can be reconstituted functionally from different ␤ subunits, we engi-0.18 A and Ϫ0.52 Ϯ 0.10 A, respectively) and observed a similar shift. Under these conditions, the V 1/2 neered ␤ 1 constructs containing either the appropriate L-to-P mutation in the ␤-SH3 domain ␤ 1 (L134P) or the for activation for ␣ 1A ϩ ⌬V3 was 2.7 Ϯ 0.42 mV, similar to the 1.6 Ϯ 0.69 mV V 1/2 for activation of the set with ⌬FЈ truncation (␤ 1 ⌬FЈ). When ␤ 1 (L134P) was coexpressed with ␣ 1 2.1 and ␣ 2 ␦, we observed rapidly inactihigher peak current amplitudes shown in Figure 5C . Thus, the shift in the I-V relationship shown in Figure  vating calcium channel currents ( Figure 6C ). However, reconstitution of an intact SH3-GK fold by addition of 5C cannot derive from the differences in the level of expression or I Ba amplitude.
␤ 2a ⌬FЈ to ␤ 1 (L134P) yielded currents with inactivation Our data predict that the SH3 domain from ␤ subunits was no increase (see Supplemental Figure S2E ), consis- comprises a core of four ␤ strands, followed by an ␣ estingly, the BID immediately follows the predicted hinge and overlaps with the fifth ␤ strand of the SH3 helix and a pair of ␤ strands that flank the GK domain. Figure 7 presents a model of this structure, which infold, ␤E, and the first ␤ strand of the GK domain ( Figure  7A ). These two ␤ strands are more closely apposed in cludes several important features. First, a large helix in the ␤ subunit SH3 domain is predicted to occlude the VGCC ␤ subunits than MAGUKs, which may affect their relative orientation. Whether interaction with the ␣ 1 subhydrophobic surface where polyproline ligands interact with canonical SH3 domains ( Figure 7B ). This implies unit influences the stability of the SH3 fold and promotes intermolecular ␤ subunit assembly, analogous to a model that the ␤ subunit SH3 domain cannot mediate such polyproline interactions or that these ligands displace proposed for MAGUKs, has not been addressed. We find that ␤ subunits can be reconstituted from two the ␣ helix, potentially altering the conformation of the SH3 fold. Instead, our data (Figures 4 and 6) demonstrate distinct isoforms. Coexpression of ␤ 1 and ␤ 2a constructs with complementary mutations in the SH3 and GK dothat the SH3 fold modulates channel inactivation.
Also unexpected is the location of the BID, an ‫53ف‬ mains functionally restores channels whose properties differ from those derived from coexpression with either amino acid segment which supposedly can interact with ␣ 1 subunits and impart some features of ␤ subunit modusubunit alone. Interestingly, the inactivation properties of these reconstituted channels reflect those associated lation on channel activity (De Waard et al., 1994). Previous studies suggested that ␤-GK wholly contains the with the intact SH3 core. Thus, channel inactivation with the ␤ 1 (L134P) and ␤ 2a ⌬FЈ reconstitution is slow, resem-BID (Hanlon et al., 1999) ; however, our model indicates that the BID includes elements from both ␤-SH3 and bling that of intact ␤ 2a , whereas channel inactivation with ␤ 2a (L93P) ϩ ␤ 1 ⌬FЈ is fast, resembling that of intact ␤ 1 . ␤-GK ( Figure 7A ). This may explain why we find that a ␤ 2a ⌬FЈ construct, which leaves the BID intact, does not Previous work indicated that the palmitoylated N terminus of ␤2 and third variable regions (V1 and V3, respectively) are unknown, some work suggests that these regions medi-␤ subunits is predicted to start with an ␣ helix (␣A in Figure 1B ) and contains several evenly spaced charged ate subcellular trafficking (Bogdanov et al., 2000) . An acidic motif unique to the V3 region of ␤ 1b is responsible residues followed by a glycine/serine-rich stretch. Inter- currents recorded (peak of the I-V for most constructs was ‫ف‬ϩ10 to the amino acids indicated for rat CACB2A were amplified by PCR mV), the difference between the maximum and minimum voltages with primers containing endonuclease restriction sites. Products recorded during the plateau phase of the 2000 ms steps was less were digested with the appropriate enzymes and ligated into than 0.5 mV, and the time required to achieve 99% of the 100 mV pGBKT7 to produce DNA binding domain fusions or into pGADT7 difference in potential (from V h ϭ Ϫ90 mV to ϩ10 mV) was less than to produce activation domain fusions. For in vitro transcription, PCR 1.0 ms. For all other steps, the deviation in V m and time to reach products were subcloned into pGEM-HE in a similar fashion. The 99% of V cmd were less. point mutation L93P was generated by sequential PCR and subcloned as above (McGee and Bredt, 1999). The ␤ 1 (L134P) and ␤ 1 ⌬FЈ oocyte expression constructs were generated by PCR mutagenesis
